The amount of shallow seismic activity in subduction zones varies greatly from region to region. We quantify this seismicity by calculating seismic moment release rates and seismic slip rates for 24 subduction zones. To calculate the moment release, we sum the seismic moment for all interplate thrust-type events with surface wave magnitude M s > 7.0, occurring from 1904 to 1980. We present a time history plot of the seismic moment release for each subduction zone; these exhibit the differences in the seismic release patterns. For subduction zones where the time window of our study is not representative, the total moment release is corrected using information on repeat times. The moment release rates are compared with various subduction parameters in order to determine which factors influence the degree of coupling. These parameters include the age of the subducting lithosphere, absolute velocities of the upper and subducting plates, convergence velocity, and length, maximum depth, and dip of the Wadati-Benioff zone. The moment release rate decreases as the age of the subducting lithosphere increases, when the zones belonging to a single subducting plate are considered. This age versus moment release relation is consistent for the zones in which the Pacific, Cocos, Philippine Sea, and Indian plates are subducting. The moment re!ease rates for the subduction zones in which the Pacific plate is subducting are much higher than for zones of other plates with similar age. The age versus moment release relation holds among the zones which belong to one subducting plate; however, zones with similar ages but belonging to different plates do not have the same moment release rates. This suggests that within a single plate the age is the dominating factor affecting the strength of seismic coupling but that each Plate as a whole has a characteristic moment release budget. Zones with retreating upper plates tend to have lower moment release rates. The moment release rate does not increase with convergence velocity; no simple relationship was found between these two parameters. The moment release rate depends most clearly on the age of the subducting lithosphere and the absolute velocity of the upper plate. These are the two independent subduction zone parameters among the variables considered. The other variables depend on these two parameters."
EARTHQUAKES IN THE CONTACT ZONE
In order to calculate a seismic moment release rate and seismic slip rate for a subduction zone, we must sum the seismic moments for the interplate thrust-type earthquakes. As our source of earthquake locations and magnitudes, we use the catalog compiled by Abe [1981] , which contains shallow (depth _• 60 km) events from 1904 to 1980 with a surface wave magnitude Ms -• 7.0. After searching Abe's list for all shallow earthquakes in a given subduction zone, we wish to select only the interplate thrust-type events. Therefore we eliminate those events with published normal or strike-slip focal mechanisms. For those events without published mechanisms, we use the location of the event as a selection criterion. Earthquakes with epicenters seaward of the trench or landward of the volcanic front are eliminated, since they clearly do not occur in the thrust zone between the two plates. Some of the events included in the calculations which do not have published mechanisms may not be thrust events. However, the larger events (which are more important in the calculations) usually have known mechanisms. Therefore the error caused by including small nonthrust events should be small.
Below the thrust zone, the slip between the plates is aseismic, and the earthquakes that do occur at these depths take place within the descending slab [Isacks and Molnar, 1971; Hasegawa et al., 1978; Yoshii, 1979] . The maximum depth of the contact zone is not well constrained and probably varies among the subduction zones. To select events which occur in the thrust zone, we assume a maximum depth of 60 km, due to evidence for thrust earthquakes in several regions (Japan, Kuriles, and Kamchatka) with rupture zones extending to this depth [Veith, 1974 ; $eno and Pongsawat, 1981; Kawakatsu and $eno, 1983] . The maximum depth of the thrust zone may be slightly shallower, e.g., 40-50 km, in the Aleutians [Engdahl, 1977; House and Jacob, 1983] .
SEISMIC MOMENT
The seismic moment is the best measure of the size of an earthquake because it does not suffer from saturation for large events, as do the various magnitude scales. Also, the moment can be added linearly, while the magnitude scales are logarithmic. After compiling a list of the thrust events in a given subduction zone, we quantify the interplate seismicity from 1904 to 1980 by calculating the total seismic moment released; thus we must assign a seismic moment value to each event. There are several methods available to obtain the seismic moment of an earthquake, but the most accurate method is to determine the moment from seismograms of long-period surface waves, and we use such published values whenever available. General lists of earthquakes whose moments have been measured are found in works by Kanamori and Anderson [1975] , Kanamori [1977b] , Wang [1981] , Lay et al. [1982] , and Seno and Eguchi [1983] . There are also references too numerous to list which contain moment determinations for single earthquakes or tectonic regions. A less accurate method is to estimate the seismic moment from the fault area $ of the earthquake, using an empirical relation in which M0 is proportional to $3/2 [Abe, 1975] . Kanarnori [1977b] has estimated the moment for many large earthquakes by this method, approximating $ by the area of aftershocks soon after the main event. We use the seismic moments 6btained by this method for events which do not have direct measurements of the moment from surface waves.
For earthquakes whose seismic moments have not been determined by one of the two methods above, we estimate M0 from the surface wave magnitude Ms. This is the least accurate method of evaluating the seismic moment and is used only when the previously discussed methods are unavailable.
The relation used to estimate M0 from Ms is log M0 = ams + b
where a and b are constants. Kanamori There are several problems with using Ms to determine the moment of an earthquake: the saturation of the Ms scale for large earthquakes, the inconsistent scales used by various researchers to find Ms, and the fact that small errors in determining Ms produce large errors in Mo.
As the rupture length of large earthquakes exceeds 100 km, the seismic energy released and the seismic moment continue to increase, but the amplitude of the 20-s surface waves does not increase significantly; thus the Ms scale saturates for earthquakes with Ms > -8.0 [Geller, 1976; Kanamori, 1977b] . As a result of the saturation, estimating the moment from Ms for earthquakes with Ms >-8.0 will tend to underestimate Mo. In our study there are 28 earthquakes with Ms >-8.0. However, for all but four of these events, the moment has been measured from long-period surface waves or estimated from the aftershock area, so it was not necessary to estimate M0 from Ms for most large events. Therefore saturation was not a major problem in our moment determinations. Uncertainty in the value of Ms will result in a large uncertainty in the value of the moment predicted by (2) because of the logarithmic relationship. For example, a value of Ms which is 0.1 units too high causes the moment to be overestimated by 40ø70. However, the percent error in the total moment released for a given zone will not be as large as the single event error, since some events will have Ms values too large, while others will be too small. We will discuss the errors in more detail and calculate an error factor for each subduction zone in a later section. In Table 1 •eor subduction zones has an event which accounts for more than 80ø7o of the total moment. Such large events rupture the whole length of the arc, releasing the strain and resulting in a lack of moderate size events. These three subduction zones also have the largest total moment releases of the 24 regions studied. Thus we see that regions with large moment releases are characterized by very large events rather than by an abundance of moderate sized earthquakes. In regions such as southern Peru, Central America, Mexico, Kuriles, Japan, New Hebrides, and Tonga, the cumulative moment is not dominated by one large event. The rupture zones of the largest earthquakes in these regions extend only along a portion of the arc. These segments break at different times, causing the moment release to be more evenly distributed in time than the regions dominated by one large event.
A moment release plot is not given for Java, because only one earthquake with Ms -> 7.0 occurred in this time interval. Also, the Izu-Bonin and Marianas regions are combined because of the lack of events.
ERRORS IN THE MOMENT RELEASE AND CORRECTIONS

USING THE TIME-PREDICTABLE MODEL
The total moment released in each subduction zone from 1904 to 1980 (Table 1 ) is used to calculate the moment release rate and the seismic slip rate, so we will discuss the errors involved in using this quantity. These errors arise from two sources: (1) The uncertainty in the total moment release is due in part to the errors in the seismic moment values for individual events. We assign an uncertainty factor to each event, which depends on the method used to determine Mo.
Moments which are estimated from the surface wave magnitude Ms (equation (2)) have the largest uncertainty. We can get an idea of this uncertainty from the scatter of the data points in Figure 2 . In the least squares fit between log M0 and Ms the standard deviation for a single event is 0.27 units of Ms, which corresponds to an uncertainty in M0 by a factor of 2.5 when using (2) to estimate the moment. Therefore we assign an uncertainty factor of 2.5 to these events. When the moment is estimated from the aftershock area, we assign an uncertainty factor of 2.0. This results from the fact that aftershock areas can usually be reliably determined to within -50ø70 or better, and M0 is proportional to S 3/2. Moments determined from long-period surface waves are the most accurate, and an estimate of the typical error is 30ø7o. This corresponds to an error factor of 1.3. Using these rough estimates of the error for individual events, we calculate an uncertainty factor for the total moment released in each subduction zone (see Table 1 ). yeor release is that earthquakes with Ms • 7.0 were excluded from the calculations. The seismic moment released by these events is small for most subduction zones, even though these events are more frequent. The exclusion of the smaller earthquakes affects the total moment values by more than -10070 only in those zones with very low seismicity (Izu-Bonin, Marianas, and Java). Since the total moment release is very small for these zones, the relative ranking of subduction zones in terms of total moment released is not affected by the exclusion of smaller events. Reliable data on surface wave magnitudes and seismic moments are not available for earthquakes occurring in the 1800's or earlier. Our study includes only those events in the 77-year period from 1904 to 1980. For some subduction zones the shortness of this time period may present a problem when calculating moment release rates and seismic slip rates. We want these quantities to represent long-term averages, but the seismicity in this 77-year period may not be sufficiently representative. We now discuss this problem and an attempt to correct it based on the time-predictable model of earthquake occurrence.
This is calculated by
In several regions (southern Chile, Alaska, eastern and western Aleutians, Kamchatka, and Nankai Trough) the rupture length of the largest event is a large fraction of the total length of the arc, and typical repeat times are longer than the 77-year interval of our data. Therefore our total moment values for these zones will give moment release rates which are larger than the long-term average. The results using the slip-predictable model were not as good.
Since the seismic moment is proportional to the amount of slip, we assume that the moment of an event is proportional to the time period between this event and the next event. Therefore, dividing the seismic moment of an event by the time interval to the next event will give a time average of the moment release. We apply this method to the subduction zones listed above: the moment of the largest event is multiplied by the factor (77-years/time interval). Recurrence intervals are not well known for Alaska and the eastern Aleutians because of the shortness of the historical record. A lower limit of 100 years was used for the time interval in these cases. This will produce an overestimate of the seismic moment release rate for these two zones if the recurrence intervals are longer. In the Kuriles the are is segmented into several rupture zones which overlap very little. Earthquakes occur in a coherent manner, and the average recurrence interval is close to 77 years [Utsu, 1968] , so no correction was applied for this zone. In regions with small moment releases (northern Chile, northern Peru, Ryukyus, Izu-Bonin, Marianas, Sumatra, and Java) there is the possibility that large events sometimes occur, but no such events happened to fall in our 77-year time window.
In such cases the moment release rates will be underestimated. As discussed in the previous section, the northern Chile region had two large events in the 1800's, and we exclude this region from future discussions because of the unrepresentative total moment release value. There is some evidence that large events occurred in Sumatra in the 1800's [Newcomb and McCann, 1982] ; thus the seismic moment release rate for this zone may be underestimated. For the remaining zones with low seismicity in this century, no large historical earthquakes are known, and it is believed that the low seismicity is a long-term tectonic characteristic of these subduction zones [Kelleher and McCann, 1976; Seno and Eguchi, 1983 ].
In the other subduction zones the rupture lengths are small compared to the arc length and rupture zones often overlap. This makes it difficult to define repeat times. However, repeat times for these small rupture zones are usually less than our 77-year time interval, and there are many events along the whole arc, so our time window is sufficient. No corrections were applied to these zones.
SEISMIC SLIP RATES
The seismic moment for a single earthquake is defined by Mo --I• 2•' S where /• is the rigidity of the material surrounding the fault, •' is the average displacement on the fault plane, and S is the area of the fault plane. This definition can be generalized to a whole subduction zone, for which we sum the moments for all interplate events to obtain the average seismic slip:
• Mo = tt 15 S
/5 is now the amount of slip between the two plates averaged over the whole subduction zone, and S is the area of the contact zone described earlier. Equation (3) can be used to estimate the seismic slip rate V• in a subduerion zone by considering the total moment released in a given time inter-
In our estimates of the seismic slip rate for each subduction zone, we use the corrected total moment values for the interval 1904-1980 from the previous section (Table 1) . As Note that Vre• is not included for the Philippine subduction zone in Table 2 . This is because subduction is occurring on the east and the west sides of the Philippine Islands, so the Philippine block may be decoupled from the Eurasian plate [Seno, 1977] . Since the upper plate velocity is not known, we cannot define a gre• for this region.
The ratio of the seismic slip rate to the relative plate velocity is a = g•/ grd; values for each zone are given in Table 2 1. In these zones, the arc may be segmented along strike into regions with high seismic slip rates and regions with low rates. Table 2 . They estimated seismic slip rates from the coseismic displacement divided by the time interval to the next large event in a given region. In general our values are in good agreement with theirs, considering the errors inv,olved in the two methods.
We compare our values of c• with those obtained by Sykes and Quittrneyer [1981] in
In regions with well-defined repeat times and accurate measurements of the slip in large events, the method of Sykes and Quittmeyer may be more appropriate. However, for the zones where these quantities are not available, or for zones where the seismicity is not dominated by large events, our method of summing the moment of all events will be a more appropriate method to obtain the seismic slip rates.
MOMENT RELEASE RATES
In our study of the relationship of seismic coupling in subduction zones to the various subduction zone parameters, we represent the degree of coupling by the seismic moment release rate per kilometer per year (hereafter referred to as the moment release rate). This will give us a parameter which can be used to compare the amount of seismicity in the various subduction zones. The moment release rate is the corrected total moment value (Table 1) Table 3 . We use this quantity, rather than the seismic slip rate, to represent the coupling because it involves less uncertainty. The moment release rate is essentially the same as V•, except that it does not involve the variables d (depth of the contact zone), /5 (dip angle of the contact zone), and /z (rigidity). Thus we avoid the uncertainties involved in these variables by using the moment release rate.
AGE AND MOMENT RELEASE RATE RELATION
In Figures 4a and 4b , we show the relationship between the moment release rate and the age of subducting lithosphere for each subduction zone. The age of subducting lithosphere is the age of the oceanic plate at the trench, averaged along the length of the trench (Table 3) The Philippine Sea, Cocos, Indian, and Pacific plates show a definite relationship between the moment release rate and the age for their subduction zones. The Pacific plate trend has a much higher moment release for most of the age range than the other plates. Possible reasons for these two observations are given in the discussion section. 
MOMENT RELEASE RELATION TO PLATE VELOCITIES
In the previous section it was mentioned that the absolute velocity of the upper plate may influence the degree of seismic coupling. We calculated the absolute velocity of the upper plate in the direction normal to the strike of the trench from the rotation poles of Minster and Jordan [1978] and $eno [1977] . These velocities were averaged along the length of each zone to obtain the parameter Vupper listed in Table 3 . As discussed earlier, the Philippine subduction zone does not have a well-defined upper plate velocity and is excluded from the analysis. Figure 6 shows The absolute velocity of the subducting plate normal to the trench (subduction rate) was calculated and averaged along each zone to obtain the parameter Vs•ab, with values given in Table 3 . Figure 7 shows the relationship between Vs•ab and the moment release rate. From this figure we see that the relationship between the subduction rate and the moment release rate is similar to the relationship between the age and the moment release rate (Figure 4a) . That is, among the subduction zones which belong to a single plate, the moment release rate decreases as the subduction rate increases. However, we feel that the more basic relationship is the one between the age and the moment release rate. This is because the subduction rate is dependent on the age of subducting lithosphere. Figure 8 shows the subduction rate and age for each zone, and we see that the subduction rate increases as the age increases. Carlson et al. [1983] have studied this relationship in greater detail, and they find that the subduction rate is highly correlated with the square root of the age of subducting lithosphere. Therefore the relationship observed between the subduction rate and the Table 3 . For other details, see Figure 4 .) moment release rate seems to result from the dependence of the subduction rate on the age.
The relative plate velocity normal to the trench (convergence velocity Veonv) was also calculated and averaged along each arc (Table 3) . We expected that the moment release rate would increase with V•onv, but the convergence velocities do not show a simple relation to the moment release rate (Figure 9 ). There may even be a slight tendency within a single plate for the moment release rate to decrease with increasing convergence rate. Even for zones in a small age range we do not find a simple relationship between V½onv and the moment release rate. This differs from the results of Ruff and Kanamori [1980] , who represent the degree of coupling by the maximum earthquake magnitude in a subduction zone rather than the moment release rate. They found that there is a relationship between the convergence rate and the maximum earthquake magnitude for zones with similar ages. Reasons for this difference will be given in the discussion section.
MOMENT RELEASE AND OTHER SUBDUCTION ZONE
PARAMETERS
The maximum depth of seismicity, Zmax, and the downdip length of the slab, Lslab, for each zone are listed in Table 3 In Figures 12 and 13 , we see a fairly linear increase in Zmax and Ls•ab with the age of the subducting lithosphere. This is due to the fact that older lithosphere is cooler and takes longer to heat up to the critical point where earthquakes no longer occur. Therefore the relationship observed between Lslab and the moment release rate is a side effect of the relation between Ls•ab and age. The same is true for Zmax. The dip angle of the slab was also considered as a possible factor affecting the coupling, but no correlation was found between the dip angles and the moment release rates.
DISCUSSION AND CONCLUSIONS
We have calculated moment release rates for 24 subduction zones. This parameter enables us to compare the amount of seismicity and the degree of seismic coupling among the subduction zones. The moment release rates vary by several orders of magnitude, which indicates that the mode of plate interaction varies greatly from zone to zone. Ruff and Kanamori [1980] represented the coupling by the magnitude of the largest earthquake in each zone. We feel that the moment release rate gives a better representation of the seismic coupling for some subduction zones, because the moment released by earthquakes other than the largest event can also provide information on the coupling. For example, for 12 of the 24 subduction zones studied, the moment of the largest earthquake from 1904 to 1980 was less than 40% of the total moment released during that time period (Table 1 ). The magnitude of the largest shock is less sensitive to the variation in seismicity among subduction zones than the moment release rate. For example, two subduction zones may both have a maximum earthquake mag- Table 3.) coupling. An old slab is cooler, denser, and has a greater gravitational force pulling it downward into the mantle [Molnar and Atwater, 1978] . This may result in a reduced coupling across the contact zone between the two plates.
The lack of correlation between the moment release rate and the age of subducting lithosphere for the Nazca plate (Figure 4b ) may be due to the widely varying ages and many fracture zones offsetting the magnetic lineations, which make it difficult to define a physically meaningful age for these zones. It is also possible that the lack of correlation indicates that the subduction process is being affected by some other, as yet undetermined, parameter. However, we do note that the southern Chile zone has the highest moment release rate of all zones considered in this study, and it is the zone which is closest to a spreading ridge.
Within a single plate, the age of subducting lithosphere is the dominant factor affecting the moment release rates. The observation that the moment release rates are small for zones with retreating upper plates may be explained by the "anchored slab" model of Uyeda and Kanamori [1979] . In this model, the slab cannot move easily in a horizontal direction normal to the trench due to its large area being anchored in the mantle. A retreating upper plate will tend to separate from the slab and cause a reduction in coupling and will sometimes result in back-arc spreading.
We had expected that the moment release rate would increase with convergence velocity, but we found no clear relationship between these two parameters ( Figure 9 ). This is in contrast with the result of Ruff and Kanamori [1980] , in which the degree of coupling tends to increase with convergence velocity. There are several possible reasons for this discrepancy. The definition of coupling in our study is the moment release rate, while in Ruff and Kanamori's work it is the maximum earthquake magnitude. Examples of how these two parameters may differ were described above. There is uncertainty involved in defining a maximum earthquake size and in calculating the moment release rates, and this may affect the correlation. Finally, in some cases the location of subduction zone boundaries differs between the two papers.
The moment release rate depends most clearly on the age of subducting lithosphere and the upper plate velocity. If we divide all the factors considered into dependent and independent parameters, we find that the age and the upper plate velocity are the two independent parameters. For example, the length and maximum depth of seismicity both depend on the age and the convergence rate [Molnar et al., 1979] . The subduction rate depends on the age of subducting lithosphere [Carlson et al., 1983] . The convergence rate is a combination of the subduction rate and the upper plate velocity. The age and the upper plate velocity are the basic "given" parameters on which the others depend. We conclude that the observed weaker dependence of the moment release rate on the subduction rate, length of slab, and depth of seismicity results from the strong dependence of the moment release rate on the age.
